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Introduction
The targeted intracellular delivery of drugs has received considerable attention over the last few decades for improvement of biological activity. 1 Various biomaterials are available, and their use has already been shown to be a milestone in the treatment of deadly diseases. 2 Protein-based therapeutic materials play a prominent role in the medical field for the treatment of various disorders such as cancer, 3 diabetes, 4 and inflammatory diseases. 5 However, peptide-based drugs have several inherent problems as they show difficulty in entering the plasma membrane. Currently, several methodologies are being tested to improve their targeted delivery. Of these, con-trolled release has been reported for only a few methods, including electroporation, 6 microinjection, 7 and ultrasonication. 8 The most actively investigated approach, electroporation, induces cell death when the permeabilizing electric field is applied because of the associated loss of cell homeostasis. 9 Therefore, site-specific and efficient delivery systems still pose difficulties. Consequently, suitable nanocarriers have been studied for improving the safe and controlled release of peptides to ensure that they reach their targets to a greater extent. 10 To date, various nanocarriers including liposomes, polymeric micelles, and nanoparticles have been studied for the delivery of therapeutic materials; 11, 12 however, many have shown limitations such as cytotoxicity, low stability, and low efficacy. 13, 14 Among the nanocarriers, liposomes have attracted much attention as a desirable protein-based drug carrier system since they possess the advantages of being feasible under mild conditions, biocompatible with low toxicity, and exhibiting high affinity toward the cell membrane. 15 Furthermore, additional properties such as ease of size control and the ability to modify their surfaces enhances their suitability as a vehicle system. 16, 17 More recently, liposomes modified by polymers have been developed to improve their targeting ability. For example, many groups such as Kono et al. have successfully developed pH sensitive liposomes by modifying their surface using † Electronic supplementary information (ESI) available: Detailed scheme of hydrophobic polyampholyte synthesis and its characterization by 1 H NMR, cytotoxicity, zeta potential, and zeta size characterization of unmodified and polyampholyte-modified liposome-encapsulated protein. Comparison of the existing and freeze concentration method, and particle size stability at different temperatures. Cell viability of L929 cells after freeze thawing, quantification of dose dependency using flow cytometry and determination of cell viability after treating with different inhibitors. See DOI: 10.1039/c6nr03940e polyglycidol derivatives; these liposomes efficiently delivered antigenic molecules to the cytosol of dendritic cells in vitro. 18 There are applications for the transport and intracellular delivery of proteins using pH-sensitive liposomes in cancer therapy and also in gene therapy.
To address these issues, we developed an approach called freeze concentration, as previously described. 19 Freeze concentration is recognized as a physicochemical phenomenon wherein water molecules crystallize to form ice, leading to increased solute concentrations in the remaining unfrozen solution forming a phase separation during freezing. 20 Specifically, spontaneous ice nucleation occurs and ice grows in all directions when a solution is supercooled at −5 to −45°C. A high solute concentration remains in the unfrozen solution leading to a concentrated solute around the cells located in the residual solution. 21, 22 Previously, we calculated the sodium ion concentration during freezing in the presence of a cryoprotectant by measuring the amount of residual water by using 1 H-NMR. 19 When we used DMSO as a cryoprotectant, at −40°C the sodium ion concentration was approximately 7 times higher than it was before freezing. When we used polyampholyte as a cryoprotectant, the sodium ion concentrated >10 times higher than that at room temperature. This finding indicates that the extracellular concentration of certain materials increases because they are ejected from ice crystals during freezing. This phenomenon might be one of the best strategies identified so far to enhance adsorption of the protein/carrier complex applied to cells, owing to the increase in the peripheral cell concentration. Within this strategy, the interaction between the cell membrane and protein/carrier complex is quite important because after thawing, the adsorbed complex should be internalized instead of diffusing back into the solution. This suggests that we can reduce the quantity of valuable materials that is internalized into cells. Additionally, freeze concentration strategies have several advantages in that they are simple, cost-effective, and highly reliable, and they are characterized by a lack of toxicity, high cell viability, and enhanced interaction between drugs and the cell membrane.
In our previous research we had designed novel polyampholyte nanoparticles as a carrier system by modification with dodecylsuccinic anhydride (DDSA) as a hydrophobic moiety that showed self-assembly, forming intermolecular hydrophobic and electrostatic interactions. However, these nanoparticles became cytotoxic at certain concentration levels. 19 We have shown that these protein-nanocarrier complexes were highly internalized using the freeze concentration methodology, although the endosomal escape and uptake mechanism of the complexes that had obtained internalization by passing through the plasma membrane was not elucidated.
The endosomal escape process is crucial for the functionality of internalized proteins. Most particles enter cells through endocytosis and subsequently reach vesicles known as endosomes with pH 5.5 via the endosomal pathway. 23 However, numerous nanocarrier/protein complexes are entrapped within the endosome and are then destroyed after fusion with lysosomes, which are the primary sites of enzymatic degradation. 24, 25 Various pathways exist for the internalization of vesicles including caveolae-, clathrin-, or receptor-mediated endocytosis, phagocytosis, or macropinocytosis. The phagocytosis process is regulated by specialized cells such as macrophages and monocytes. In contrast, clathrin-and caveolaemediated endocytosis and macropinocytosis are important processes of pinocytosis that include receptor ligand interactions based on particle size and surface chemistry. 26, 27 Among the strategies utilised, membrane disruptive carriers have great potential to facilitate antigen escape from the endosomes. 28 This approach is beneficial for delivering anticancer drugs, genes, or vaccines into cancerous cells. In this study, we present the development of a new carrier system composed of liposomes modified by hydrophobic polyampholytes in which the liposomes themselves function as a low toxicity and biocompatible material. Lysozyme was used as a model protein in this study because it is positively charged under physiological conditions and has a high affinity for liposomes under aqueous conditions. We confirmed the efficient uptake of the protein/liposome complexes by endocytosis following freeze concentration and furthermore, we describe the mechanism underlying the enhanced cellular uptake pathways for internalization. In addition, the endosomal escape ability of unmodified and polyampholyte-modified liposomes was also determined. These findings will provide a mechanistic understanding of the use of the novel freeze concentration approach for cell cargo delivery purposes. This methodology will likely be useful for in vitro gene delivery applications in future.
Results and discussion

Preparation of polyampholytes
A polyampholyte cryoprotectant was synthesized by succinylation with succinic anhydride (SA) to ε-poly-L-lysine (PLL) (PLL-SA, Scheme S1, ESI †). From the 1 H-NMR chart, it was found that 65% of the amino groups were succinylated (Fig. S1, ESI †) and this compound was shown to have highly cryoprotective properties in 10% aqueous solution. 22 A hydrophobic-modified polyampholyte was synthesized by the reaction of PLL, DDSA, and SA (Scheme S2 †). The degree of substitution of SA obtained approximated 63.8% and of DDSA was 4.6% as determined by 1 H NMR ( Fig. S1 †) . We denoted the polyampholyte cryoprotectant and hydrophobic polyampholyte as PLL-SA and PLL-DDSA-SA, respectively.
Preparation of protein-encapsulating liposomes
We prepared 2 types of liposomes, the first consisting of a 1 : 1 molar ratio of the zwitterionic lipids, 1,2 dioleoyl-snglycero-3-phosphocholine (DOPC) and 1,2, dioleoyl-sn-glycero-3phosphoethanolamine (DOPE), and the other being a PLL-DDSA-SA-modified liposome. To encapsulate the lysozyme protein into the liposomes, we used the lipid film hydration method. Briefly, a DOPC/DOPE solution in chloroform was dried under vacuum to obtain a dry lipid layer including lipid film hydration with protein containing solutions with or without PLL-DDSA-SA that was subsequently extruded. The surfaces of lipid membranes composed of DOPC/DOPE with or without PLL-DDSA-SA were negatively charged. We investigated the amount of protein encapsulation into the liposomes and its efficiency using a Bradford assay. For protein encapsulation into liposomes, 1 mL phosphate buffer saline without calcium and magnesium (PBS (−)) containing various concentrations of lysozyme (2 to 30 mg mL −1 ) was mixed with dried lipids and extruded to produce a liposome suspension, with or without PLL-DDSA-SA. A schematic illustration of unmodified and polyampholyte-modified liposomes is shown in Fig. 1A . The encapsulation efficiency was compared among various liposomes that constituted different concentrations of the lysozyme protein. Fig. 1B illustrates that the encapsulation efficiency of the lysozyme protein into unmodified liposomes decreases with increasing amounts of loaded protein concentration. Fig. 1C shows the amount of the protein encapsulated at different loading concentrations under physiological conditions. Fig. 1C depicts the sharp increment that was observed upon increasing the amount of the encapsulated lysozyme protein but then decreases owing to the high concentration of the lysozyme protein and to a certain extent its hydrophilic nature. The same trend was observed for PLL-DDSA-SA-modified liposomes; however, the values of encapsulation efficiency were higher than those in unmodified liposomes at each lysozyme protein concentration. Introduction of polyampholyte molecules into the liposomes increased the minus value of the zeta-potential from −5.04 to −11.25 mV. This might explain the higher encapsulation efficiency of polyampholyte-modified liposomes due to the electrostatic interactions between the liposomes and lysozyme.
To optimize the conditions for the preparation of proteinloaded liposomes, cytotoxic behaviour was evaluated. Surface charge is an important factor that can be responsible for inducing cytotoxicity. 29 In this regard, cationic surface-charged liposomes showed a greater extent of cytotoxicity. 30 Therefore, we selected the negatively charged liposomes for use as a carrier in subsequent experiments. 31 Fig. 1B depicts that as the amount of lysozyme protein increases, the encapsulation efficiency considerably decreases, which results in the unencapsulated protein remaining in the solution. Therefore, the negative surface charges decrease their magnitude and ultimately show a positive charge that could potentially show toxic behaviour. Fig. 1D describes the high cell viability of L929 cells shifting downward as the loading amount of protein increases, which might be explained by the zeta potential. We therefore determined the zeta potential of unmodified and PLL-DDSA-SA-modified liposomes with different lysozyme protein loading amounts. The surface charges were shown to drastically change to a positive potential ( Fig. S2 †) . We then investigated the cytotoxic effects after the addition of PLL-DDSA-SA to the liposomes. A small amount of PLL-DDSA-SA did not show any toxic activity. However after crossing the threshold ratio of 6 : 4 (lipids : polyampholytes), the cell viability decreased drastically ( Fig. S3 †) . This behaviour could possibly be due to the cytotoxicity of the polyampholyte at higher concentrations. Hence, we have chosen the liposome and polyampholyte composition (7 : 3) and loading lysozyme protein concentration (10 mg mL −1 ) accordingly for further investigations.
Lysozyme-encapsulating liposomes showed increments in their particle size over 7 days as the potential significantly changed from −4.91 to −23.3 mV ( Fig. S4A and B †). On the other hand, the zeta potential of PLL-DDSA-SA-modified liposome complexes did not change even after 7 days ( Fig. S4B †) .
Furthermore, we investigated the particle size stability of unmodified or polyampholyte-modified liposomes under an ultra-cold temperature at −80°C. Protein-encapsulated unmodified and polyampholyte-modified liposomes were frozen at −80°C for 1 day with or without the use of any cryoprotectant. The solutions were thawed at 37°C, and changes in particle sizes were investigated using dynamic light scattering (DLS). Without a cryoprotectant, the particle sizes were extremely large, showing the destabilization of protein molecules, which led to particle aggregation. However, the particle sizes of protein-encapsulated unmodified and polyampholyte-modified liposomes did not change when they were frozen in the presence of a polymeric cryoprotectant ( Fig. S5 †) . These results clearly indicated that protein-encapsulated liposomes exhibit stability after treatment with a polymeric cryoprotectant. Based on these results, we successfully prepared stable liposomes loaded with a low-toxicity lysozyme and protein, both with and without PLL-DDSA-SA. The liposomes had a suitable size to serve as protein-delivery vesicles.
Adsorption of protein-encapsulating liposomes onto cells via freeze concentration
Confocal laser scanning microscopy (CLSM). The adsorption of lysozyme protein loaded liposomes onto the cell membrane was investigated using previously frozen thawed solutions. At low temperature, the accelerated ice crystal formation excluding the remaining solution inevitably led to the formation of freezing-associated concentration. Therefore, we expected that the protein nanocarrier complex could enhance the interaction of the complex with the cells. L929 cells mixed with 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) (Rh-PE)-labelled liposomes and fluorescein isothiocyanate (FITC)-labelled lysozyme protein were cryopreserved with 10% PLL-SA cryoprotectant in culture medium without foetal bovine serum (FBS). Occasionally, low temperature leads to destabilization of the protein structure, which causes denaturation or aggregation. Therefore, cryoprotectants 32, 33 such as glycerol, ethylene glycol, and trehalose are used to stabilize the protein structure. A low toxicity polyampholyte cryoprotectant was utilised to stabilize the protein structure and also protect the cells from intracellular damage from ice crystals. 22 Cell viability was in the range of 85-90% for polyampholyte-modified liposomes whereas it was only 80% for unmodified liposomes (Fig. S6 †) . The confocal microscopic images illustrated that freezing markedly enhanced the adsorption of lysozyme protein-loaded liposomes onto cell membranes and that polyampholyte modification tended to show higher fluorescence intensity compared to unmodified liposomes ( Fig. 2A and B ). In our previous research, we had already shown that freeze concentration and hydrophobicity play important roles to facilitate the adsorption onto the cell membrane. 19 Hydrophobic groups that markedly influence particle internalization also have been shown to profoundly influence their uptake by the cell membrane. 34 Thus, polyampholyte-modified liposomes showed enhanced adsorption onto the cell membrane after treatment with freeze concentration.
Flow cytometric analysis. To quantify the adsorption of lysozyme protein-loaded liposomes to cell membranes via freeze concentration, flow cytometric analysis of the frozen or unfrozen cells was performed. Cells were cryopreserved with an unmodified or polyampholyte-modified liposome-encapsulated lysozyme (5 mg mL −1 ) in the presence of a polymeric cryoprotectant. The fluorescence of FITC-labelled lysozymes on the adsorbed cell membranes after thawing was investigated. Gates were established for distinguishing the stained and highly stained cells in the histogram plot ( Fig. 3A -F), which shows that the cells were highly stained when the freeze concentration method was applied. The negative control utilised only cells without any added labelled protein. For the positive control, we used a frozen, liposome-free bare lysozyme protein conjugated with FITC (10 mg mL −1 ) without any cryoprotectant. In the absence of a cryoprotectant, the lysozyme protein exhibited the highest measured fluorescence because the cell membrane was ruptured by freezing damage and the liposomes were adsorbed onto the fragmented membrane structures and thus transferred directly into the cytoplasm (Fig. 3B ). From the histogram of the frozen cells, the cells could be divided into 2 groups: stained and highly stained. These 2 types of stained cells might be attributed to the cells with different fluorescence intensities as shown in Fig. 2A and B . In contrast, unfrozen cells with both unmodified and polyampholyte-modified liposomes displayed a few positive cells (approximately 0.2% and <0.1% for stained and highly stained groups, respectively; Fig. 3C and D). For frozen cells, the unmodified liposomes manifested the greater number of stained and highly stained cells (82.8 ± 12.3% and 20.4 ± 15.0%, respectively; Fig. 3E ). In comparison to the unmodified liposomes, polyampholyte-modified liposomes showed a high trend of stained and highly stained cells (about 91.5 ± 7.93% and 39.1 ± 25.2%, respectively; Fig. 3F ). These data strongly suggest that the freeze concentration strategy can enhance the fluorescence intensity, compared with that observed in unfrozen cells. Based on flow cytometry data, the geometric mean of the fluorescence intensity revealed a 4-fold stronger binding after freezing for both unmodified and polyampholyte-modified liposomes as compared with that observed for unfrozen cells (Fig. 3G) . These results indicate that in contrast to the unfrozen state, freeze concentration might enhance the lysozyme protein adsorption efficacy and thus the number of molecules bound to the surface of the cells. In addition, we conducted experiments to determine if only lysozyme (without freezing) adsorbs onto the cell membrane, given its positive charge. Confocal microscopy results showed that almost no lysozyme adsorption occurred due to its low concentration ( Fig. S7 †) . This finding indicated that freeze concentration can be useful when low protein concentrations are involved.
As quantified in Fig. 3G , the cells treated with lysozyme protein loaded polyampholyte-modified liposomes showed enhanced fluorescence as compared to those treated with unmodified liposomes. This could be explained by the strong interaction of polyampholyte-modified liposomes with cells, which are likely to have more association owing to chargeinducing factors or hydrophobicity. The hydrophobicity of the liposomal membranes might be enhanced by the presence of polyampholyte nanoparticles that strongly favour the enhanced interactions between the liposomal membranes and cells. On the other hand, the effect was much more prominent upon increasing the dose of lysozyme protein-encapsulated in liposomes. The same observations for unmodified and polyampholyte-modified liposomes were noted even after low (1 mg mL −1 ) and medium doses (3 mg mL −1 ) were applied ( Fig. S8 †) , wherein the gated numbers of stained and highly stained cells were higher than those obtained for unfrozen cells (5 mg mL −1 ). For the low dose concentration (1 mg mL −1 ) corresponding to unmodified to polyampholyte modified liposomes, the proportion of stained cells increased from 34.2 ± 12.0% to 48.7 ± 9.50% and the highly stained cells similarly increased from 5.61 ± 2.93% to 5.99 ± 3.25%. From these results, it is suggested that the efficiency is highly dependent on dose concentration, which resulted in a highly effective adsorption of the lysozyme protein ( Fig. S8A-D † and Fig. 3E,  F) . In addition, the geometric means, which were calculated from flow cytometric analyses, showed the enhancement of fluorescence intensity upon increasing the dose of the liposome-encapsulated lysozyme protein (Fig. S8E †) . Therefore, for our further investigations, we have chosen an optimum dose (final concentration 5 mg mL −1 , 500 µL) of the liposomeencapsulated lysozyme protein for efficacious delivery into cells. Based on the above findings, it is expected that this strategy would promote high internalization efficacy through an endocytic pathway. Thus, we evaluated protein internalization after its accumulation onto the membrane.
Internalization of lysozyme protein-loaded liposomes after seeding
It is generally believed that membrane fusion is important for cytoplasmic delivery through endocytosis. Liposome uptake studies were performed on L929 fibroblast cells, wherein unmodified liposomes and polyampholyte-modified liposomes were labelled by FITC-phosphatidylethanolamine (FITC-PE) whereas the lysozyme protein was labelled by Texas Red (TR) dye. Cells mixed with lysozyme protein-loaded unmodified or polyampholyte-modified liposomes were cryopreserved at −80°C in medium without FBS, replaced by fresh growth medium and seeded after thawing following incubation for 24 h at 37°C to allow internalization. Cells were then washed with PBS and observed using CLSM. Both unmodified and polyampholyte-modified liposomes showed a tendency to be internalized using the freeze concentration methodology ( Fig. 4A and B) . Fluorescence was measured by confocal microscopy. The intensity of the red fluorescence of the internalized TR-labelled lysozyme protein showed that polyampholyte-modified liposomes exhibited a significantly greater capacity for protein intake in comparison with unmodified liposomes (Fig. 4C) . These results demonstrate that the freeze concentration technique can enhance the cytosolic delivery of proteins. Because it is important to compare our system with other current systems, control experiments were performed using a commercially available PULSin™ protein-delivery kit. This reagent contains cationic, amphiphilic molecules that enhance adsorption on the cell membrane, but the cationic charge causes cytotoxicity. We followed the delivery protocol for suspension cells to compare the results obtained with the freeze concentration methodology. Because a significant decrease in cell viability (<60% viability) was observed using the protein/PULSin™ complexes after a 4 h incubation (due to the cationic charge), we decreased the incubation time to 0.5 h at 37°C, according to the protocol. The medium without FBS containing protein/PULSin™ complexes was replaced with fresh growth medium to allow protein internalization after seeding to the glass-bottom dish. 35 The fluorescence intensity of internalization of FITC-lysozyme/PULSin™ was lower compared with freeze concentration-mediated internalization (Fig. S9 [A-F] †). These results strongly suggested that the freeze concentration methodology is more efficient and less toxic than the current method, based on cationic amphiphiles used to deliver proteins to the cytosolic compartment of cells.
Recent studies have shown that unmodified liposomal delivery efficiency is very low whereas liposomes modified with reported that liposomes modified by a polymer had a higher efficiency of entering the cells, ultimately resulting in internalization of the lysozyme protein. 36 Furthermore, they also indicated that the addition of a polymer to liposomes effected the enhancement of intracellular delivery. 18 Fig. 4A and B show that the intensity of red-stained protein localized in the cytosol with polyampholyte-modified liposomes was greater than that observed with unmodified liposomes. This finding suggested that polyampholyte-modified liposomes transferred more lysozyme protein to the cytosol of treated cells. This result is in good agreement with our previous report. 19 This enhanced internalization might be due to the efficient release of the lyso-zyme protein into the cytoplasm via endosomal escape. Next, we investigated the internalization pathway to study endosomal escape using our polyampholyte-modified liposomes.
Internalization mechanism of FITC-lysozyme-loaded polyampholyte-modified liposomes
Most particles cannot readily cross into cells because their large size and charge make it difficult to pass through the plasma membrane; however, lipoparticles have the tendency to be transported by one of the several modes. Therefore, it is important to elucidate the mechanism for the particles that actually obtain entry into the plasma membrane of the cells. The endocytosis pathway is a specialized pathway that mediates the active transportation of nanomedicines and targets them to such regions as the mitochondria, endosome, nucleus, or other specific organelles. 37 To investigate the mechanism associated with unmodified or polyampholyte-modified liposomes' entry into the plasma membrane after freezing, a variety of inhibitors were selected to block specific endocytic pathways. We chose 3 inhibitors of the endocytotic pathway: chloropromazine (for clathrinmediated endocytosis), 5(-N-ethyl-N-isopropyl)amiloride (EIPA) (macropinocytosis), and filipin (caveolae-mediated endocytosis). 38 L929 cells were treated with different concentrations of each inhibitor followed by the addition of FITC-lysozymeencapsulating liposomes in the presence of a polymeric cryoprotectant, and measured using a fluorescence microplate reader and by CLSM. The cell viability was determined to optimize the inhibitor concentration to select concentrations not associated with cytotoxicity ( Fig. S10 †) . For confirmation of the endocytosis mechanism, confocal microscope observation ( Fig. 5 ) and fluorescence microplate reader analysis (Fig. 6 ) were conducted. These results showed an agreement between the confocal images and the quantification of fluorescence for the determination of uptake. In these images, considerable fluorescence was observed in the L929 cells used as a positive control without any inhibitor for the unmodified and polyampholyte-modified liposomes; however, when specific inhibitors were used to block the pathway, a decrease in the fluorescence was observed that affected the uptake and did not allow the lysozyme protein to diffuse into the membrane. For unmodified liposomes, the fluorescence intensity after adding filipin declined considerably, whereas treatment with the other inhibitors had no such effect ( Fig. 5A-D) . The significant decrease in intensity following filipin treatment suggested that unmodified liposomes were internalized into the fibroblast L929 cells by caveolae-mediated endocytosis (Fig. 6A ). Caveolae contain a hydrophobic domain that is rich in cholesterol and glycosphingolipids. When particles are internalized by caveolae, caveosomes are formed, which can directly transport the particles to specific organelles. 39 Many reports have indicated that charged particles were likely to adopt caveolae-dependent endocytosis. 40 However, in our investigation, using PLL-DDSA-SA-modified liposomes, the finding that both EIPA and filipin inhibitor significantly resulted in a decline of the fluorescence intensity suggest that these liposomes, unlike unmodified liposomes, tend to adopt 1 of the 2 pathways: caveolae-mediated endocytosis or macropinocytotic endocytosis ( Fig. 5E-H and 6B) . Consequently, it can be concluded that the hydrophobic polyampholyte in liposomes is responsible for promoting the macropinocytotic endocytic route. In macropinocytosis, the internalization of the particles occurs into large vacuoles called macropinosomes with a diameter of 0.5-1.0 µm. 41 Macropinocytosis has received much attention in gene delivery as well as in cancer therapy fields. The most advantageous feature of macropinocytosis is that it allows for endosomal escape, which can avoid the lysosomal degradation of antigens and genes. One report has demonstrated that an octaarginine peptide-mediated gene expression system that showed high transfection efficacy ultimately adopted the macropinocytotic pathway. 42 Thus, a notable finding in our study is that polyampholyte-modified liposomes adopted 2 methods of internalization. Various factors such as size 43 and surface charges 40 are associated with internalization, based on physicochemical characterization. 44 However, no common factor has been elucidated yet to explain the associated mechanism involving entry into endocytic pathways.
Taken together, these results not only suggested that both unmodified liposomes and polyampholyte-modified liposomes utilise caveolae-mediated endocytosis, but that polyampholyte triggers the adoption of an additional specific pathway, macropinocytosis, with a different uptake mechanism. Therefore, we suggest that polyampholyte-modified liposomes facilitate intracellular delivery through a different mechanism from that which occurs with unmodified liposomes.
Intracellular localization and endosomal escape of lysozyme proteins
To be effective for therapeutic purposes, it is required that delivered proteins must escape lysosomal degradation; in addition, they should be delivered into the cytosol of the cells for high efficiency. Thus, our investigation of the ability of materials to effect intracellular delivery also included an examination of the capability to release their contents into the cell cytoplasm.
To confirm the entry of a lysozyme protein into endosomes and to determine whether or not the protein was subsequently trafficked to lysosomes wherein a large variety of macromolecules can be degraded, an investigation of intracellular trafficking is required for eventual successful design in protein delivery schemes. We examined the potential for endosomal protein escape using a combination of unmodified or polyampholyte-modified liposomes and freeze concentration-based internalization. To observe the intracellular distribution of cargo proteins in L929 cells, TR-labelled lysozyme-encapsulating liposomes were prepared. The endosomes and lysosomes were stained with LysoTracker Green and nuclei were stained with Hoechst 33258 for 30 min respectively prior to observations. As shown in Fig. 7A , the colocalization of lysozyme proteins and lysosomes were represented by yellow fluorescent regions indicating the presence of the proteins in the endosomes, which is consistent with the internalization of unmodified liposomes. This shows that unmodified liposomes remain intact even after their release from the endosome, suggesting that the associated encapsulated lysozyme proteins might have difficulty in being released from the vesicles. In contrast, the green fluorescence was partially separated from red fluorescence over time for polyampholyte-modified liposomes, indicating the successful release of their protein cargo (Fig. 7B ). The images shown in Fig. 7 suggest a triggered release of the lysozyme protein from endosomes for engineered liposomes incorporating hydrophobic polyampholytes. The possible mechanism behind endosomal release might be that polyampholytes could be adsorbed onto the endosome membrane thereby destabilizing it, which leads to the release of the lysozyme protein; accordingly, we identified an enhanced in vitro endosomal escape efficacy with very low associated toxicity.
Therefore, we found that the fluorescence of TR-labelled lysozyme proteins did not increase and that they were effectively internalized with unmodified liposomes (Fig. 4A) , whereas polyampholyte-modified liposomes led to efficient protein release and higher fluorescence due to the endosomal escape of proteins ( Fig. 4B and C) .
We have also evaluated the size variation of liposomes with or without polyampholyte-modification caused by changing their pH using a DLS technique. Unmodified liposomes did not show any remarkable change even at different pH values. However, polyampholyte-modified liposomes showed a size increase, indicating aggregation at pH 5.5 (Fig. 7C ). This factor might induce destabilization of the liposomal membrane because polyampholyte-containing carboxyl groups are protonate, 45 and these carboxylate ions can lose their negative charge causing destabilization of liposomal membranes. [46] [47] [48] [49] [50] Upon endocytosis, the low pH in the endosomes induces fusion of the liposomal membrane with the endosomal membrane, causing the release of the contents of the liposomes into the cytoplasm of the cells. One reason for this might be that pH-sensitive liposomes undergo acidification responsible for disruption of the liposomal bilayer, with change of its configuration causing the release of the encapsulated material through the endosomal pathway. Thus, the polyampholytemodified liposomes were capable of enhancing the endosomal escape efficiency. In addition, after escaping from endosomes, it is extremely important to investigate the drug delivery to a disease site in future.
Conclusion
In this study, we prepared a novel form of hydrophobic polyampholyte-modified liposomes using a combination of PLL-DDSA-SA. These polyampholyte-modified liposomes can successfully escape the endocytic pathway and can introduce lysozyme proteins into the cell cytosol through the use of a simplistic strategy involving freeze-thawing of cells with the encapsulated lysozyme protein complexes. The present study focused on providing a mechanistic overview of lysozyme protein delivery by using unmodified and polyampholytemodified liposomes in conjunction with the freeze concentration method. These hydrophobic polyampholyte-modified liposomes are stable at physiological pH 7.0, and exhibit low cytotoxicity and high protein encapsulation efficiency. The results of flow cytometry analysis show that by using the freeze concentration method, the uptake and adsorption of lysozyme proteins was enhanced by 4-fold in comparison with that obtained using unfrozen cells. In addition, we found that the unmodified and polyampholyte-modified liposomes adopted different pathways for the cytoplasmic delivery of proteins, with the latter preferentially bypassing lysosomal degradation. Therefore, although further investigation in vitro using immune cells and in vivo using model systems should be performed, these positive results including the protein endosomal escape property suggest that the intracellular delivery of lysozyme proteins by hydrophobic polyampholyte-modified liposomes and the freeze concentration methodology might be very beneficial for in vitro applications in cancer treatment or gene therapy in future.
Experimental
Reagents DOPC, DOPE, Rh-PE, FITC-PE were purchased from Avanti Polar Lipids (Alabaster, AL, USA), and LysoTracker Green DND-26 and Hoechst 33342 were purchased from Molecular Probes Inc. (Eugene, OR, USA). Filipin, EIPA, and lysozyme were obtained from Sigma Aldrich (St Louis, MO, USA). Chloropromazine was obtained from Nacalai Tesque (Kyoto, Japan). Bradford Ultra was purchased from Expedeon Ltd (Cambridge, UK), and Sephadex G25 was obtained from GE Healthcare Bioscience Corp. (Piscataway, NJ, USA).
Preparation of FITC-labelled lysozyme
Lysozyme (10 mg) and FITC (1 mg mL −1 ; Dojindo Laboratory, Kumamoto, Japan) solution was dissolved in sodium bicarbonate buffer solution (1 mL; 0.5 M, pH 9.0) with gentle stirring and incubated at 4°C overnight with subsequent dialysis (molecular weight cut off: 3 kDa, Spectra/Por, Spectrum Laboratories, Inc., Rancho Dominguez, CA, USA) for 3 days against water and freeze dried. 18 Preparation of polyampholyte cryoprotective agent and hydrophobic polyampholyte A polyampholyte cryoprotectant was synthesized by succinylation of the polymer (PLL). To obtain the PLL-SA cryoprotective agent, an aqueous solution of 25% (w/w) PLL (10 mL, JNC Corp., Tokyo, Japan) and SA (1.3 g; Wako Pure Chem. Ind. Ltd, Osaka, Japan) were mixed at 50°C for 2 h to convert 65% of the amino groups to the carboxyl groups (Scheme S1 †). 19, 22 Polyampholyte nanoparticles were synthesized according to a previous report. 19 Briefly, an aqueous solution of ε-PLL (10 mL; 25% w/w, JNC Co. Ltd, Yokohama, Japan) was added to 5% molar ratio DDSA (Wako Pure Chem. Ind. Ltd, Osaka, Japan) at 100°C and allowed to mix for 2 h to obtain hydrophobically modified PLL (Scheme S2A †). Subsequently, SA was added at 65% molar ratio (COOH/NH 2 ) and was allowed to react for 2 h at 50°C (Scheme S2B †). The degrees of substitution of SA and DDSA were obtained by 1 H-NMR. The spectra were obtained at 25°C on a Bruker AVANCE III 400 spectrometer (Bruker BioSpin Inc., Fällanden, Switzerland) in D 2 O.
Preparation of liposomes
Liposomes were composed of a DOPC and DOPE mixture at a molar ratio of 1 : 1. We used DOPE because it tends to form a hexagonal inverted phase leading to the formation of a nonlamellar structure that can facilitate aggregation, which in turn favours destabilization. 51 Briefly, appropriate amounts of lipid DOPC (10 mg) and DOPE (9.46 mg) were dissolved in chloroform (1 mL). Chloroform was allowed to evaporate under a steady stream of nitrogen gas, following which the tubes were dried under vacuum to facilitate complete evaporation of the residual solvent. The dried lipids were dispersed in 1 mL of PBS (−) and extruded through a 100 nm polycarbonate membrane. When preparing lysozyme-encapsulating liposomes, lysozyme (10 mg) was dissolved in 1 mL PBS (−). Hydrophobic polyampholyte-modified liposomes were also prepared using the same method with the dry membrane of a lipid/polymer mixture (7 : 3 w/w). Liposomes were then purified on a Sephadex G25 column to remove unreacted polyampholytes. 18 Zeta potential and particle size measurements
The mean particle sizes, size distribution, and the surface charge measurements of the zeta potential of unmodified and polyampholyte modified liposomes were analysed by DLS analysis using a Zetasizer 3000 (Malvern Instruments, Worcestershire, UK) with a scattering angle of 135°. The colloidal suspension of liposomes was diluted with PBS and the particle size analysis was carried out at a scattering angle of 135°and a temperature of 25°C. The liposomes were dispersed in PBS (−) and the zeta potential values were measured at the default parameters of a dielectric constant at 78.5 and a refractive index at 1.6. Data were obtained as an average of more than 3 measurements on different samples.
Determination of encapsulation efficiency
After preparing lysozyme-modified liposomes or polyampholyte-modified liposomes, a working dispersion (1 mL) was made using a liposome suspension (20 µL) in PBS (−). Then the working dispersion (500 µL) was mixed with 6% (v/v) Triton X-100 (100 µL) and this solution was maintained at 65°C for 5 min to disrupt all the vesicles. The solution (400 µL) was transferred into an ultra-0.5 centrifugal device for the removal of unencapsulated lysozyme (molecular weight cut off 50 kDa, Amicon® ultra (0.5 mL), Merck Millipore, Darmstadt, Germany) and centrifuged at 19 515g for 10 min. 52 PBS solution (400 µL) was again added, and the same procedure was repeated. The amount of un-encapsulated lysozyme was quantified by the Bradford assay using a Bradford Ultra reagent and the efficiency was determined by ultraviolet spectroscopy at 595 nm using lysozyme as a standard as follows:
% encapsulation efficiency ¼ ðinitial amount À unencapsulated proteinÞ=ðinitial amountÞ Â 100
Cell culture
Mouse fibroblast L929 cells (American Type Culture Collection, Manassas, VA, USA) were cultured in Dulbecco's modified Eagle's medium (DMEM; Sigma Aldrich) supplemented with 10% FBS at 37°C under 5% CO 2 in a humidified atmosphere. When the cells reached 80% confluence, they were removed by 0.25% (w/v) trypsin containing 0.02% (w/v) ethylenediamine tetra-acetic acid in PBS (−) and were seeded on a new tissue culture plate for subculture.
Cytotoxicity assay of unmodified and polyampholyte-modified liposomes
Cytotoxicity was determined using an MTT assay. In a 96 well plate, L929 cells at a density of 1 × 10 3 cells per mL were cultured in each well and incubated under saturated humid conditions at 37°C and 5% CO 2 . After 24 h of incubation, unmodified liposomes and polyampholyte-modified liposomecontaining medium were added and incubated for 48 h. Then, 3-(4,5-dimethyl thial-2-yl)-2,5-diphenyltetrazalium bromide (MTT) solution (0.1 mL, 300 µg mL −1 in medium) was added to the cultured cells. The cells were incubated for 4 h at 37°C.
The solutions were removed and subsequently replaced by DMSO (100 µL) and allowed to stand for 15 min to allow a complete reaction. The resulting colour intensity measured using a microplate reader (Versa max, Molecular Devices Co., Sunnyvale, CA, USA) at 540 nm was proportional to the number of viable cells. The concentration of the liposomes leading to 50% cell killing (IC 50 ) was calculated from a concentration-dependent cell viability curve. 22 Cell freezing with lysozyme-encapsulated liposomes
To prepare FITC-labelled lysozyme-encapsulating liposomes, Rh-PE-labelled liposomes (1.27 × 10 −5 mol) and FITC-labelled lysozyme (10 mg mL −1 ) were prepared as described previously. 18 The solution was applied to a Sepharose 4B column to remove unencapsulated proteins. L929 cells were counted and resuspended in 10% PLL-SA cryoprotectant (1 mL) to avoid freezing damage along with the unmodified or polyampholyte-modified liposome encapsulated lysozyme protein (5 mg mL −1 , 500 µL) without FBS at 4°C at a density of 1 × 10 6 cells per mL in 1.9 mL cryovials (Nalgene, Rochester, NY, USA) and were stored in a −80°C freezer overnight. These vials were thawed at 37°C, diluted with DMEM, and the cells were washed 3 times with DMEM with 10% FBS. 19, 22 The cell viability was analysed by trypan blue dye exclusion using a hemocytometer. The total number of cells stained with trypan blue was recorded. Cell viability was determined as the number of viable cells divided by the total number of cells. Each condition was analysed in triplicate. The adsorption of unfrozen and frozen protein-encapsulating liposomes was observed using a CLSM (FV-1000-D; Olympus, Tokyo, Japan).
Quantification of the adsorption of lysozyme protein onto cells by freeze concentration of unfrozen and frozen cells using flow cytometry
To determine the lysozyme protein uptake efficiency between unfrozen and frozen L929 cells, flow cytometric analysis was conducted. Cell freezing with the polyampholyte cryoprotectant solution incorporating lysozyme protein-encapsulating unmodified liposomes and polyampholyte-modified liposomes was discussed above. We used 1 × 10 6 cells for sample preparation and analysis by flow cytometry. The cells were then thawed, the old medium was removed, and the cells were washed 3 times with PBS (−). 53 Data acquisition and analysis were performed using a FACSCalibur instrument (BD Biosciences, Franklin Lakes, NJ, USA). The region of live cells was determined by FSC-SSC gating to exclude dead cells and debris noise. The flow cytometry analysis plot showed the gating strategy for identifying stained and highly stained populations referring to non-stained cells (negative control) and cells cryopreserved in the absence of a cryoprotectant ( positive control), respectively. A minimum of 20 000 cells were collected for each histogram.
Internalization
After thawing, the cells were washed with the medium and seeded in a glass bottom dish. The cells were incubated for 1 day. Then the attached cells were washed with PBS and the internalization of the protein/liposome complexes was observed using CLSM.
Determination of the internalization pathway via inhibition assay
Cells were pretreated with different concentrations of specific endocytotic inhibitors such as chloropromazine (for clathrinmediated endocytosis), EIPA (macropinocytosis), or filipin (caveolae-mediated endocytosis) to determine their optimal concentration using a trypan blue exclusion assay and then were cryopreserved with 10% polymeric cryoprotectant carrying unmodified or polyampholyte-modified liposomes in the cell culture medium at −80°C. Solutions were thawed and the cells were counted to select the concentration producing the highest viability after inhibitor treatment. After addition of the optimized inhibitor concentration, cells at a density of 1 × 10 3 cells per mL were seeded into 96-well plates for at least 8 h to determine the uptake of particles from the extracellular solution. At the start of the experiment, the cell culture medium was aspirated and washed with PBS (−) 3 times to remove any traces of inhibitors. The mean fluorescence intensity was evaluated using a fluorescence microplate reader (Varioskan flash, Thermo Fisher Scientific, Inc., Waltham, MA, USA). 38 The endocytic uptake was also confirmed using CLSM.
Intracellular localization of lysozyme proteins in L929 cells
A thawed solution of L929 cells at a density of 1 × 10 3 cells per mL containing 10% cryoprotectant comprising lysozyme encapsulating unmodified or polyampholyte-modified liposomes was seeded onto a glass bottom dish. The cells were incubated for 12 h under a 37°C humidified atmosphere with 5% CO 2 . LysoTracker Green® DND-26 and Hoechst dye were added and incubated for 30 min prior to investigation. Samples were rinsed with PBS buffer and counterstained prior to imaging. The cells were analysed using CLSM. 54 Internalization of the lysozyme protein using a currently available cationic amphiphile-based protein delivery reagent A control experiment for protein delivery was performed using the PULSin™ protein delivery reagent (Polyplus transfection SA, Illkirch, France), according to the manufacturer's protocol for suspension cells. Briefly, 1 × 10 6 L929 cells were suspended in 1 mL serum-free medium in a sterile 15 mL centrifuge tube. In a separate tube, 7 µg of the lysozyme protein was mixed gently in 200 µL of HEPES buffer ((4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (20 mM, pH-7.4)), after which 28 µL of the PULSin™ reagent was added immediately. Next, both solutions were incubated for 0.5 h or 4 h at 37°C under a humidified atmosphere containing 5% CO 2 . After incubation at 37°C, the cells were centrifuged at 1000 rpm for 4 min and suspended in 1 mL cell growth medium. Cell viability was assessed by trypan blue exclusion. The cells were seeded in a glass-bottom dish to allow the internalization of proteins, as described previously. 35 
